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A concept to measure the neutron electric charge is presented which employs a precision Talbot-
Lau interferometer in a high-intensity pulsed neutron beam. It is demonstrated that the sensitivity
for a neutron charge measurement can be improved by up to two orders of magnitude compared to
the current best direct experimental limit.
PACS numbers:
INTRODUCTION
The quest to determine the electric charge of the neu-
tron is connected to the question of the neutrality of
atoms and bulk matter [1]. In 1959, Lyttleton and Bondi
proposed that the expansion of the universe could be ac-
counted for by a slight charge asymmetry between the
electron and the proton [2]. This hypothesis was quickly
disproved by means of a gas efflux experiment using argon
and nitrogen [3]. From this and similar indirect measure-
ments a residual neutron charge of less than 10−21 e can
be deduced, where e is the elementary electron charge.
Nevertheless, the questions of charge quantization and of
the neutrality of neutrons, neutrinos, and atoms remain
under debate [4–8]. Direct measurements of the neu-
tron charge are additionally motivated by the possibility
that the charge of a free particle might be slightly dif-
ferent in magnitude compared to its charge when bound
in an atom [9]. One immediate consequence of a finite
neutron charge would be that a speculative neutron to
anti-neutron oscillation is forbidden if charge conserva-
tion is valid [10, 11]. Direct measurements have been
performed using cold neutrons passing through a strong
electric field oriented perpendicular to the beam direc-
tion [9, 12]. In such an experiment, one would expect a
corresponding transverse beam deflection if a hypotheti-
cal neutron charge is present. This method was brought
to perfection in an heroic experiment by Baumann and
colleagues leading to the present best direct limit on the
neutron charge of (−0.4±1.1)×10−21 e [13]. Measurements
using the same technique adapted to UCN have been per-
formed, but were not yet able to compete with the sensi-
tivity of the aforementioned experiment due to technical
complications [14–16]. Presently, there are prospects for
new neutron electric charge efforts with the ultimate goal
to improve the current limit by more than one order of
magnitude. One proposal plans to employ the technique
of precision UCN gravity resonance spectroscopy [17–19].
Here, the energy eigenstates of neutrons in the gravity
potential of the Earth are probed by bouncing them on a
horizontal mirror with a simultaneously applied electric
field [20]. Another idea suggests to measure the deflec-
tions of a cold neutron beam by means of the spin-echo
small angle neutron scattering technique [21].
In 1962, Maier-Leibnitz and Springer performed the first
experiments using a neutron Fresnel bi-prism interfer-
ometer [22]. In their publication, they already proposed
many possible applications of such a new device, among
which was also the measurement of the neutron charge
and the investigation of the gravitational interaction of
the neutron. Later, the method of Mach-Zehnder type
neutron interferometers made from silicon single crystals
was pioneered by Rauch, Treimer, and Bonse [23, 24].
Neutron interferometry is a powerful tool with many ap-
plications in a multitude of research topics. They range
from direct tests of quantum mechanics to searches for
exotic interactions, precision measurements of neutron
scattering lengths, investigation of topological phases,
and observation of effects due to the Earth’s gravitational
field on neutrons [25–36]. Single crystal interferometers
have the advantage of intrinsic perfect alignment. On the
other hand their field of application is limited to short
centimeter-size setups and to thermal neutron energies
due to the necessary Bragg diffraction process. Some ap-
plications, like the measurement of the neutron charge,
however, would benefit from longer interaction times and
thus from meter-size setups. Another option to increase
the interaction time of the neutrons and hence the sen-
sitivity is to use phase grating interferometers for very
cold neutrons [37–39]. However, they have the drawback
of lower neutron flux and that very cold neutrons already
fall appreciably in the Earth’s gravitational field, which
limits again the length of such a setup.
Recently, neutron absorption and phase gratings on sil-
icon or quartz substrates with pitches on the order of
micrometers have been developed [40, 41]. They are
commonly used in neutron phase contrast radiography
and neutron dark-field imaging in various physics and
industry applications [42–46]. Here, it is proposes to em-
ploy such gratings for the application in a novel so-called
Talbot-Lau interferometer which consists of three well-
aligned neutron absorption gratings placed at certain dis-
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2Figure 1: (Color online) Scheme of a neutron Talbot-Lau in-
terferometer with three absorption gratings with periods p0,
p1, and p2 and distances L0 and L1. The grating G0 produces
coherent line sources from the incoming incoherent and diver-
gent neutron beam. The red arrows (above) indicate neutron
Bragg diffraction at the second grating with diffraction or-
ders n and the corresponding diffraction angle 2ϑ. The blue
arrows (below) indicate ballistic zero-order trajectories. In a
symmetric configuration the setup consists of three identical
gratings with p0 = p1 = p2 and L0 = L1.
tances to each other [47]. This type of interferometer will
represent an entirely new precision instrument in the field
of neutron physics.1 It will be an ideal tool to detect tiny
deflections of a neutron beam applicable in a variety of
experiments, e.g. searching for a non-zero neutron electric
charge, performing ultra small angle scattering measure-
ments, and investigating the deflection of neutrons due
to gravitational interaction with macroscopic test masses
[51, 52]. Theoretical calculations and simulations of such
kind of grating interferometers are described in detail in
[53, 54]. Here, the concept of a meter-long symmetric
neutron Talbot-Lau interferometer operated in time-of-
flight mode is presented. Ultimately, such an interferom-
eter can be used to perform a future high-precision mea-
surement of the neutron electric charge at the proposed
high-intensity fundamental physics beam line ANNI at
the European Spallation Source [55].
MEASUREMENT PRINCIPLE
In Fig. 1, a schematic drawing of a Talbot-Lau inter-
ferometer adapted to neutrons is presented. It consists
of three neutron absorption gratings G0, G1, and G2 with
their associated periods pi. The duty cycles of the grat-
ings, which describe the ratio of the width of the slit
openings and the periods, are given by their values Ri.
1Recently, a related so-called far-field Moire´ neutron interferometer
using phase gratings has been realized for the first time [48]. In
this first proof-of-principle study it was demonstrated that a meter-
long setup can be actually achieved. Another similar instrument,
namely a Moire´ deflectometer, is used in the AEgIS anti-hydrogen
gravity experiment [49, 50].
In the following, one considers the special case of a sym-
metric setup where all three gratings are identical and
have an equal period p as well as a fixed duty cycle R,
and are placed at a distance L to each other.
Before the performance of the interferometer is discussed,
one needs to consider the definitions of transverse and
longitudinal (or temporal) coherence [56]. The purpose of
the grating G0 is to convert an initially incoherent beam
of neutrons into multiple coherent line sources. The re-
sulting transverse coherence length at the position of the
grating G1 is given by
ξt =
Lλ
Rp
(1)
where λ is the neutron de Broglie wavelength. On the
other hand, the longitudinal coherence of the beam de-
pends on the actual width ∆λ of the employed wavelength
spectrum
ξl =
λ2
2∆λ
(2)
The beam is diffracted by the grating G1 according to
Bragg’s law such that at the position of the grating G2 an
interference pattern arises. Additionally, each individual
coherent line source of G0 contributes to the intensity
of this combined pattern and the interferometer allows
for employing divergent beams depicted as ballistic tra-
jectories in Fig. 1. The periodicity of the interference
fringes is of the same size as the grating period p and
usually cannot be resolved with a standard position sen-
sitive neutron detector or neutron CCD camera. Instead
one employs a third so-called analyzer grating G2 and an
integral neutron detector placed behind it. In this mea-
surement scheme the grating G2 is scanned in small steps
perpendicular to the neutron beam direction and the os-
cillating intensity pattern is recorded. Any deflection of
the neutron beam between G1 and G2 induces a corre-
sponding shift of the interference pattern and can thus
be detected.
Another important characteristic quantity is the so-called
Talbot length LT = p2/λ, which describes the distance at
which the gratings need to be placed to cause that the
first order Bragg interference maximum of the wavelength
λ is diffracted exactly by one period. In order to avoid
that these Bragg peaks potentially wash out the interfer-
ence pattern the grating distance L has to be a multiple m
of the Talbot length, i.e. L = m ·LT with m ∈ {1, 2, 3, ...}.
As a consequence, given a fixed distance between the
gratings the interferometer fulfills this condition only at
specific neutron wavelengths λ = mp2/L. From this fol-
lows a transverse coherence of ξt = mp/R. Moreover,
to avoid that the second order Bragg peaks cause a de-
crease in signal visibility the width of the wavelength
spectrum needs to be limited to ∆λ < p
2
2L
or ξl > mλ,
3Figure 2: (Color online) Top-view scheme of a Talbot-Lau
interferometer setup to measure the neutron electric charge.
Three electrodes, one on high-voltage and two connected to
ground potential, are located between gratings G1 and G2.
The two beams between the electrodes are experiencing op-
posite electric field directions and are detected with two sep-
arate detectors. Hence, in case of a non-zero neutron electric
charge their beam paths are bent in opposite directions along
the y-axis.
respectively.2 These constraints essentially limit the us-
able neutron wavelength to specific narrow bands and
thus also the overall intensity of the neutron beam. How-
ever, in the novel concept presented this drawback can
be overcome by operating the interferometer in time-of-
flight mode and at a pulsed spallation source. Hence, one
can regain intensity and profit from a broad wavelength
distribution by time-tagging the neutrons’ arrival/flight
times. The time-of-flight method also provides the means
to investigate possible velocity dependent systematic ef-
fects.
The method of measuring an electric charge of the neu-
tron Q with the interferometer is straight forward. Ap-
plying an electric field E with alternating high-voltage
polarity transversely to the neutron flight path causes a
deflection of the beam and equally a shift of the interfer-
ence pattern by
∆y =
mnQEL
2λ2
(2pi~)2
(3)
where mn is the neutron mass and ~ is the reduced Planck
constant. Here, it is assumed that the length LE of the
electrodes producing the field is approximately equal to
the distance between the gratings L.3 For instance, as-
suming a field strength E = 100 kV/cm with an electrode
gap width d = 1 cm, a length L = 5 m, a fixed neu-
tron wavelength λ = 0.5 nm, and a charge Q = 10−23 e
(two orders of magnitude smaller than the current ex-
perimental limit) yields a deflection of 0.5 pm between
2Recently, neutron ultra small angle scattering measurements have
been performed on an absorption grating with a period of 2 µm.
These tests showed that the relative peak intensity of even higher
order diffraction maxima is below 1% and can thus be neglected.
3The orientation of the electric field should be horizontal to avoid
potential systematic effects due to the Earth’s gravitational field.
the two electric field polarity states.4 In Fig. 2 a sketch
of the proposed experimental setup is presented. It em-
ploys three electrodes placed between G1 and G2 and two
separate neutron beams which experience electric fields
with anti-parallel orientations. In case of a non-zero neu-
tron electric charge this causes deflections of the beams
in opposite directions along the y-axis. Hence, the use
of two beams allows to correct and compensate for po-
tential common-mode drifts and noise. Furthermore, the
two beam method provides an ideal way to normalize
the count rates in order to compensate for potential vari-
ations in the neutron source flux.
STATISTICAL SENSITIVTIY
The statistical sensitivity (standard deviation) of a
Talbot-Lau interferometer for detecting a beam deflec-
tion is independent of the neutron wavelength and is
given by
σ(∆y) =
p
ηpi
√
N
(4)
where η is the interference fringe visibility and N is the
total number of detected neutrons. With Eq. (3) this
yields a statistical sensitivity on the neutron charge of
σ(Q) =
4pi~2p
ηmnEL2λ2
√
N
(5)
Let us now consider a Talbot-Lau interferometer in-
tended for the European Spallation Source with a length
L = 5 m, a period p = 30 µm, and a duty cycle R = 50%.
This yields equidistant wavelength bands centered at
λ = m · 0.18 nm and a width ∆λ < 0.09 nm. Hence, at
the proposed high-intensity fundamental physics beam
line ANNI with a broad cold neutron spectrum, one can
measure at m from 2 up to 5 without pulse frame overlap
and one can achieve a sufficient wavelength resolution
of better than 0.03 nm. The latter assumes a source
pulse frequency of 14 Hz and a pulse length of 3 ms with
a total source-to-detector distance of 45 m. Presuming
ANNI will have a comparable time integrated neutron
flux as the fundamental physics beam line PF1b at ILL
and a beam cross section of 10 cm2 for each partial beam,
unpolarized neutron rates behind the interferometer be-
tween 10 and 100 MHz can be deduced from the data
presented in Ref. [58]. With a visibility η = 0.75 this cor-
responds to a statistical sensitivity on the beam deflec-
tion of 1 to 4 nm in one second or 4 to 15 pm in one day of
measurement time, respectively. As presented in Fig. 3,
the neutron beam brightness typically decreases toward
4Note, in comparable experiments with similar configurations fields
of 80−130 kV/cm and 60 kV/cm were reached, respectively [13, 57].
4Figure 3: (Color online) Normalized differential neutron par-
ticle brightness as a function of λ at the PF1b beam line
at ILL, adapted from [58]. The red curve represents the fit
curve to the measured data. The marked regions indicate the
0.09 nm wide wavelength bands as discussed in the text. The
light yellow regions correspond to m = 2, 3, 4, and 5 which
are the bands where pulse frame overlap will be suppressed
at the proposed ANNI beam line. The small ticks on the hor-
izontal axis are separated by the the mentioned time-of-flight
wavelength resolution of 0.03 nm.
longer wavelengths, however, this reduction in intensity
is almost entirely compensated by the gain in sensitiv-
ity which scales with the λ−2, compare Eq. (5). With
this statistical sensitivity and assuming an electric field
reversal of typically once every 100 s, thus, requires a sta-
bility of the interferometer and the interference fringes of
better than 0.1 nm on the same time scale. Employing
the two beam method relaxes the situation significantly,
since only relative deflections of the beams are consid-
ered. Finally, assuming 100 days of data taking, leads to
a statistical sensitivity of about 0.5 pm and a correspond-
ing sensitivity on the neutron electric charge of 10−23 e,
respectively.
SYSTEMATIC EFFECTS
The key factors of such a high-precision measurement
are the stability of the instrumental components and the
control of their susceptibility to temperature and external
vibrations. In principle, this also includes the position re-
producibility of the scanning mechanism of the gratings.
However, instead of performing an entire scan of their
relative position, the gratings can be permanently fixed
in the position in which the interferometer has its best
sensitivity, i.e. at the steepest slope of the interferometric
pattern, similar to the method applied in neutron electric
dipole measurements [59]. To keep the entire Talbot-Lau
interferometer as stable as possible it should be housed
in a vacuum chamber with a temperature stabilized ther-
mal shield. In addition, the vacuum serves the purpose
to minimize the scattering in air and the associated re-
duction of signal visibility. For the accurate adjustment
and alignment of the gratings, one should employ piezo
stepping stages with a minimal incremental motion in the
100 nm range, i.e. much smaller than the grating period.
The angular alignment precision of the gratings needs to
be on the order 0.1 mrad or better, assuming a period
p = 30 µm and a slit length of 10 cm. The latter can be
adjusted and even be monitored by observing the optical
diffraction pattern of a laser beam passing through the
individual gratings. For this method it is advantageous to
use quartz wafers instead of silicon wafers, since they are
transparent for light and neutrons. Furthermore, the en-
tire apparatus should be mounted on a vibration-damped
table.
One systematic effect already described in the publica-
tion by Baumann et al. arises from the magnetic interac-
tion of the neutron magnetic moment with a gradient of
an electric field in z-direction via the relativistic v × E-
effect [13]. Such an electric field is for instance caused by
a small tilt of the electrode plates with respect to each
other. An upper limit for the tilting angle α for a fully
polarized beam can be estimated by comparing the forces
acting on the neutron charge and the neutron magnetic
moment. This yields the following condition
α <
Qc2dλmn
piγn~2
(6)
where γn is the gyromagnetic ratio of the neutron and
c is the speed of light in vacuum. With Q = 10−23 e,
d = 1 cm, and λ = 0.3 nm this results in a maximum
tilting angle between the electrode plates of 0.1 mrad.
However, this condition can be largely relaxed assuming
an unpolarized beam.
Another effect could occur due to electrostatic forces
acting on the interferometer gratings, since a system-
atic movement of the gratings coupled to the direction
of the electric fields could cause a false neutron charge
signal. However, this effect is strongly suppressed firstly
by employing the two beam method and secondly due to
the symmetric instrument setup consisting of three elec-
trodes.
As a side remark, one can employ neutron prisms as test
samples to calibrate the Talbot-Lau setup as they cause
a small known wavelength dependent refraction of the
beam. For instance an aluminum wedge with an angle
of 10 degrees causes a deflection of 1 µrad (6 µrad) for
neutrons with a wavelength of 0.4 nm (1.0 nm).
CONCLUSION
A new concept to measure the neutron electric charge
using a Talbot-Lau neutron grating interferometer has
been presented. The interferometric device represents a
unique tool in the field of neutron research and can be
used to detect the smallest beam deflections. Similar to
5the recently described new neutron beam electric dipole
moment search, the technique can greatly benefit from
the intrinsic velocity information of a pulsed source [60].
A full-scale instrument optimized for the beam specifi-
cations of the European Spallation Source can lead to
a statistical improvement of the neutron electric charge
sensitivity by up to two orders of magnitude compared
to the present best limit in 100 days of data taking.
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